The homologous glycosyltransferases α-1,3-N-acetylgalactosaminyltransferase (GTA) and α-1,3-galactosyltransferase (GTB) carry out the final synthetic step of the closely related human ABO(H) blood group A and B antigens. The catalytic mechanism of these model retaining enzymes remains under debate, where Glu303 has been suggested to act as a putative nucleophile in a double displacement mechanism, a local dipole stabilizing the intermediate in an orthogonal associative mechanism or a general base to stabilize the reactive oxocarbenium ion-like intermediate in an S N i-like mechanism. Kinetic analysis of GTA and GTB point mutants E303C, E303D, E303Q and E303A shows that despite the enzymes having nearly identical sequences, the corresponding mutants of GTA/GTB have up to a 13-fold difference in their residual activities relative to wild type. High-resolution single crystal X-ray diffraction studies reveal, surprisingly, that the mutated Cys, Asp and Gln functional groups are no more than 0.8 Å further from the anomeric carbon of donor substrate compared to wild type. However, complicating the analysis is the observation that Glu303 itself plays a critical role in maintaining the stability of a strained "double-turn" in the active site through several hydrogen bonds, and any mutation other than E303Q leads to significantly higher thermal motion or even disorder in the substrate recognition pockets. Thus, there is a remarkable juxtaposition of the mutants E303C and E303D, which retain significant activity despite disrupted active site architecture, with GTB/E303Q, which maintains active site architecture but exhibits zero activity. These findings indicate that nucleophilicity at position 303 is more catalytically valuable than active site stability and highlight the mechanistic elasticity of these enzymes.
Introduction
Glycosyltransferases (GTs) are ubiquitous enzymes that coordinate the synthesis of oligo-and polysaccharides and glycoconjugates through saccharide transfer from an activated donor to a carbohydrate, protein, lipid or nucleic acid acceptor (Lairson et al. 2008) . GTs are potential targets for a new class of therapeutics (Hinou and Nishimura 2009; Kajimoto and Node 2009) , including GTs in pathogenic organisms whose products contribute to virulence (Liu and Balasubramanian 2001; Lazar and Walker 2002; Vigerust and Shepherd 2007; Belyi and Aktories 2010) or life cycle (Swanson and Kuo 1991; Kuo et al. 1996; Bartels et al. 2011) .
GTs have been separated into nearly 100 different families based on sequence identity (http://www.cazy.org) (Coutinho and Henrissat 1999; Coutinho et al. 2003) , approximately 40 of which include structurally characterized examples. They are further categorized by their tertiary structure, and thus far two major folds have been identified for nucleotide sugar-utilizing GTs: GT-A and GT-B, each with two domains. A third structurally characterized fold, GT-D, has recently been reported for a bacterial adhesin glucosyltransferase (Zhang et al. 2014) . The GT-A family has a Rossmann fold-like nucleotide-donor binding domain tightly coupled to an acceptor binding domain, while the GT-B fold family has two separate Rossmann fold domains joined by a flexible linker. The active site in both GT-A and GT-B fold types lies in a cleft between the two domains.
The final steps in the syntheses of the human ABO(H) blood group A and B antigens are carried out by α-1,3-N-acetylgalactosaminyltransferase (GTA; EC 2.4.1.40) and α-1,3-galactosyltransferase (GTB; EC 2.4.1.37; named prior to the designation of the GT-A and GT-B fold types), which differ in only four critical amino acids (Arg/Gly176, Gly/Ser235, Leu/Met266 and Gly/Ala268) and are the most homologous known GTs that transfer distinct naturally occurring sugars. GTA catalyzes the transfer of N-acetylgalactosamine (GalNAc) from UDP-GalNAc to the H antigen acceptor terminal disaccharide (HA; α-L-Fucp-(1→2)-β-D-Galp-OR, where R is a glycoprotein or glycolipid) to generate the A antigen, and GTB catalyzes the transfer of galactose (Gal) from UDP-Gal to HA to generate the B antigen. Individuals with blood type O most commonly have a nucleotide deletion within the ABO gene that introduces a frame shift resulting in translation of a nonfunctional enzyme.
GTA and GTB have a GT-A fold-type and belong to carbohydrate-active enzymes family 6, which includes bovine α-1,3-galactosyltransferase (α3GalT; E.C. 2.4.1.87) as well as the Bacteroides ovatus α-N-acetylgalactosaminyltransferase (BoGT6a; E.C. 2.4.1.40), isogloboside 3 synthase and Forssman glycolipid synthase (E.C. 2.4.1.88) (Brew et al. 2010 ).
High-resolution structural studies have revealed that both GTA and GTB contain two mobile polypeptide regions: an internal loop comprised of residues 176-195 and a C-terminal tail comprised of residues 346-354 (Patenaude et al. 2002; Letts et al. 2006; Alfaro et al. 2008; Johal et al. 2012; Johal et al. 2014) . In general, the unliganded enzymes display an "open" state where both regions are disordered; the addition of UDP-sugar donor causes the internal loop to close over the active site to form the "semi-closed" state, and further addition of an acceptor analog also causes the C-terminal tail to order over the active site to form the "closed" conformation.
GTs can be categorized according to whether the stereochemistry of the donor sugar is retained or inverted during glycosyltransfer. Inverting GTs catalyze monosaccharide transfer with inversion of the donor sugar anomeric configuration via an S N 2 attack by the acceptor. Retaining GTs catalyze transfer with retention of the donor sugar's anomeric configuration, the mechanism of which is contested. Three mechanisms have been suggested: an associative orthogonal mechanism, a dissociative S N i-like mechanism and an associative double displacement mechanism with formation of a covalent glycosylenzyme intermediate (Breton et al. 2012; Schuman et al. 2013) .
Each of the retaining family 6 enzymes GTA/GTB, α3GalT and BoGT6a possesses a putative active site nucleophile (Glu303, Glu317 and Glu192, respectively), which generated initial support for a double displacement mechanism (Boix et al. 2001; Patenaude et al. 2002; Monegal and Planas 2006; Lairson et al. 2008; Soya et al. 2011; Breton et al. 2012) . Evidence for formation of a covalent glycosylenzyme intermediate includes the chemical rescue of an inactive E317A mutant of α3GalT with azide (Monegal and Planas 2006) , the ESI-MS observation of a covalent adduct using E303C mutants of GTA and GTB (Soya et al. 2011) , and ambiguous electron density for a covalent linkage to GalNAc hydrolyzed from donor in the 3.5 Å crystal structure of the BoGT6a/E192Q mutant (Pham et al. 2014) .
Evidence against a double displacement mechanism that prompted suggestions of S N i-like and orthogonal associative mechanisms includes the inability to capture the wild-type covalent adduct by standard methods, the discovery of a retaining GT without an appropriately positioned enzyme nucleophile and the observation of kinetic isotope effects that indicated the mechanistic intermediate is far too short lived to be covalent (Lee et al. 2011 ) and instead supported a short-lived intermediate such as the S N i oxocarbenium ion or an orthogonal associative transition state (Schuman et al. 2013) .
Static hybrid quantum mechanics and molecular mechanics (QM/ MM) studies suggested that both nucleophile-assisted front side attack and double displacement can occur at equal rates for α3GalT (Gómez et al. 2013) . Subsequent hybrid QM/MM and molecular dynamics simulations provided evidence that transfer by a retaining GT via the putative catalytic nucleophile (e.g. Glu303 of GTA/GTB and Glu317 of α3GalT) can only proceed through double displacement with a dissociatively formed covalent intermediate (Rojas-Cervellera et al. 2013) . Additional static hybrid QM/MM calculations suggested that both S N i-like and double displacement mechanisms are feasible for wild-type GTB, and in the case of the GTB E303C mutant, formation of a remarkably stable covalent glycosyl-enzyme intermediate was predicted (Bobovská et al. 2015) . QM/MM studies of GHs and GTs were reviewed by Ardevol and Rovira (2015) , including a section on retaining GTs with candidate active site nucleophiles (e.g. GTA/GTB and α3GalT) that summarizes the ambiguous and sometimes contradictory results of mechanistic investigations. The energetic similarity of these mechanisms and the evidence accumulated for each have prompted the suggestion that subtle alterations in the enzyme active site environment may influence which mechanism is observed (Hurtado-Guerrero and Davies 2012; Ardevol and Rovira 2015) .
Glu303 of GTA/GTB is positioned to act as a nucleophile for a double displacement mechanism, to stabilize the oxocarbenium ionlike intermediate and assist leaving group departure in an S N i-like mechanism, or to stabilize the transition state in an orthogonal associative reaction (Lairson et al. 2008; Gómez et al. 2013; Schuman et al. 2013; Bobovská et al. 2015; Gómez et al. 2015) .
In both GTA and GTB, Glu303 is located in a six amino acid residue motif composed of two interpenetrating hairpin turns (Figure 1 ). The N-terminal Type I hairpin turn contains Ala298, Val299, Trp300 and His301, and the C-terminal Type II′ hairpin turn contains Trp300, His301, Asp302 and Glu303 (Creighton 1993) . His301 lies in an uncommon P II ′ conformation that is traditionally disallowed (Hollingsworth and Karplus 2010) , indicating considerable structural strain in this double-turn motif. A similar strained conformation is seen in the "nucleophile elbow" motif of α/β hydrolases (Ollis et al. 1992) , although it is the catalytic nucleophile itself that is strained in that motif, precluding a functional comparison to the double-turn motif in GTA/GTB. The only other non-glycine residue of GTA/GTB in a similar strained conformation is Lys124, in a Type I hairpin turn, which has been hypothesized to participate in charge repulsion with the internal loop to generate the open state (Johal et al. 2014) .
To probe the role of Glu303 in catalysis and in maintaining the stability of the active site double-turn, the GTA and GTB E303C, E303D, E303Q and E303A mutants were generated and characterized kinetically and structurally.
Results

Kinetics and overall structures of mutants
Data collection and refinement statistics are presented in Table I for  GTA mutants and Table II for GTB mutants. Kinetic results for the mutant enzymes are summarized in Table III . GTA, GTB, and their chimeras and mutants generally crystallize more readily and at lower protein concentrations in the presence of mercury (Patenaude et al. 2002; Alfaro et al. 2008) , and so four mutants each of GTA and GTB were produced and crystallized as mercury derivatives (indicated by asterisks): GTA/E303C*, GTA/E303D*, GTA/E303Q*, GTA/E303A*, GTB/E303C*, GTB/E303D*, GTB/E303Q* and GTB/E303A*. Two of the mutants crystallized in their native form: GTA/E303D and GTB/ E303C. Relative to wild-type GTA and GTB, mutant structures displayed increased temperature factors and disorder in residues 297-302 adjacent to the mutation site, shown in Table III and Figure 2 . The C-terminal tail (residues 345-354) was disordered in all mutant structures, which is consistent with unliganded wild-type enzyme crystals grown in the presence or absence of mercury (Patenaude et al. 2002; Letts et al. 2007; Alfaro et al. 2008) .
As in previous studies with GTA and GTB, internal loop residues 176-196 were disordered in all derivative structures (Patenaude et al. 2002; Letts et al. 2007; Alfaro et al. 2008) . Weak electron density could be traced for most of the internal loop of native GTA/E303D in an "open" conformation different from that originally described in Alfaro et al. (2008) , with a modeled Cα rmsd of 2.2 Å for residues 176-195, which highlights the flexibility of this region in the absence of substrate. Electron density was observed for residues 188-196 in native GTB/E303C while residues 176-187 remained disordered, which is slightly more disorder than previously observed for native wild-type GTB (where residues 177-183 were disordered; PDB 2RIT) (Patenaude et al. 2002; Alfaro et al. 2008) .
The remainder of the polypeptide chains in the mutant enzyme structures displayed no other significant deviations from previously determined GTA and GTB structures (e.g. 1LZ0 and 1LZ7).
E303C mutants
GTA and GTB E303C mutants displayed decreased activities relative to wild type. The turnovers (k cat ) of the cysteine mutants were reduced to 5% and 25% of wild-type GTA and GTB, respectively (Table III) . Both mutants had elevated K m for acceptor with a 40-fold increase for GTA/E303C but only a 2-fold increase for GTB/ E303C. The donor K m was elevated 6-fold for GTA/E303C and essentially unchanged for GTB/E303C.
The structure of GTA/E303C* showed nearly complete disorder of double-turn residues 298-301 ( Figure 2C ), with Asp302 in a conformation different from the native wild-type enzyme, where Asp302 of GTA/E303C* makes a hydrogen bond from its main-chain carbonyl to the Tyr264 side-chain hydroxyl. Clear density was observed for Cys303 oriented toward Gly267 amine. Again, GTB/E303C* displayed disorder of residues 298-301 and broadened density for Cys303 oriented toward Gly267 ( Figure 2I ).
The native GTB/E303C structure, Figure 2J , displayed traceable electron density for the entire double-turn, but at lower levels and with higher temperature factors for the corresponding amino acid residues relative to wild type. Cys303 itself showed ambiguous electron density and was modeled in two conformations, oriented toward either Tyr264 OH or Gly267 N.
The models of liganded complexes of GTA/E303C*, GTB/ E303C* and all other mutants were generated by overlaying the unliganded structures reported here with the structure of a GTA/ GTB chimera in complex with UDP-Gal and 3-deoxy-acceptor disaccharide (PDB: 2RJ7; Figure 3 ). Table III presents the estimated distances between Cys303 and select substrate atoms for GTA/GTB E303C* mutant structures and the modeled substrate. In the native GTB/E303C structure, two Cys303 conformations were modeled, and the measured distances are given for the closer of the two conformations (Table III and Figure 2J ).
E303D mutants
Mutation of Glu303 to Asp in GTA and GTB also resulted in decreased activity; however, the effect was far more pronounced for GTB than for GTA. The k cat for GTA/E303D was 13% of that for wild-type GTA while the k cat for GTB/E303D was only 1% of that for wild-type GTB. Both donor K m values were elevated, 10-fold in GTA/E303D and 8-fold in GTB/E303D, while the acceptor K m values were elevated 30-fold for GTB/E303D and not determined for GTA/E303D (Table III) . k cat for GTA/E303D is greater than for GTA/E303C.
The structure of GTA/E303D* displayed near complete disorder of residues 298-302 and moderate density for Asp303, which forms a hydrogen bond with Gly267 amine ( Figure 2D ). The structure of GTB/E303D* displayed complete disorder of residues 297-302, with Asp303 forming a hydrogen bond to the Gly267 amine ( Figure 2K ). GTA/E303D displayed good electron density for the double turn, but with increased thermal motion relative to wild-type GTB (there is no published structure of native wild-type GTA without substrates for comparison), and again with less disorder compared to the corresponding mutant derivative structures ( Figure 2E ). Asp303 of GTA/ E303D was also observed forming a hydrogen bond to the Gly267 amine. The estimated distances from Asp303 to modeled substrate atoms in the mutant structures are given in Table III .
E303Q mutants
There was no measurable activity for GTB/E303Q, but for GTA/ E303Q activity was observable at 0.15% of wild type (Table III) . Donor and acceptor K m values were elevated for GTA/E303Q, as seen with other mutants.
The main-chain electron density for the double-turn in GTA/ E303Q* and GTB/E303Q* could be traced, as could limited sidechain density, again with greater thermal motion compared to the wild-type enzymes ( Figure 2F and L).
Estimated distances from Gln303 of GTB/E303Q* to the modeled substrates are given in Table III . The extent of the disorder in Gln303 of GTA/E303Q* precluded the estimation of distances.
E303A mutants
The E303A mutation in both GTA and GTB significantly reduced enzyme activity (Table III) , where specific activities were reduced to barely measureable levels of 0.06-0.6 mU/mg for GTB/E303A (compared to 4-7 U/mg for wild-type GTB) and 0.3 mU/mg for GTA/ E303A (compared to 10-15 U/mg for wild-type GTA) in standard assays. The activities of GTA/E303A and GTB/E303A were effectively abolished as k cat for GTA/E303A dropped from 17.5 s −1 in wild-type GTA to 0.0047 s
, and the k cat for GTB/E303A dropped from 5.1 s −1 in wild-type GTB to 0.0004 s −1 . The K m for acceptor increased by an order of magnitude from 88 μM in wild-type GTB to 980 μM in GTB/E303A. The K m for UDP-GalNAc donor increased from 27 μM in wild-type GTB to 74 μM in GTB/E303A, while that of GTA/E303A increased from 8.7 to 30 μM. The structures of GTA/E303A* and GTB/E303A* displayed significant disorder of amino acid residues 297-301 ( Figure 2B and H), and distances to modeled substrates were not calculated for these mutants.
Discussion
Mercury derivatization amplifies the structural consequence of Glu303 mutation
Of the mutants studied, only GTA/E303D and GTB/E303C were successfully crystallized in the native form, while all of the enzymes could be crystallized as mercury derivatives. While the double-turn motif in the two native mutant structures shows significantly higher thermal motion than the corresponding native wild-type GTB structure, this motif is completely disordered in every mercury derivative of a nonconservative mutant. It has been shown previously that while native wild-type and mutant structures display a range of order in the internal loop ( Johal et al. 2014) , all mercury derivatives show complete disorder of this region (Patenaude et al. 2002; Persson et al. 2007 ). Each Glu303 mutant derivative structure adheres to this trend. The derivative mutants display a more significant increase in disorder of the double-turn relative to derivative wild type than do the native mutants relative to native wild type, indicating that the internal loop provides strong steric stabilization to the double-turn motif. This phenomenon emphasizes the structural importance of Glu303 in the active site, as its mutation significantly disrupts the stability of the double-turn compared to wild type, where it is fully ordered even in the presence of mercury (Table III and Figure 2 ).
Glu303 stabilizes the active site conformation in GTA and GTB
The double-turn motif in wild-type GTA and GTB is stabilized in its observed conformation by hydrogen bonds to several amino acids surrounding the active site, including those from the carboxylic acid of the putative catalytic residue Glu303 to the hydroxyl group of Tyr264 and the amide of Gly267 (Figures 2 and 3) . The conformation and hydrogen bond interactions of Glu303 are the same in every liganded and unliganded wild-type GTA and GTB structure published to date, including all derivative structures, highlighting this residue's contribution to active site architecture. Each Glu303 mutant exhibits decreased double-turn stability, ranging from slightly increased thermal motion in E303Q* mutants to complete disorder in GTA/E303A*, GTA/ E303C*, and E303D* mutants (Table III and Figure 2 ). This effect can be attributed to the loss of anchoring hydrogen bonds from Glu303 upon mutation. Even the conservative E303Q mutant has higher temperature factors and some side-chain disorder in the double-turn motif, emphasizing the critical nature of Glu303′s specific hydrogen bond character in active site stabilization. The stabilizing effect of Glu303 extends beyond the double turn. For example, one of the four critical amino acids involved in donor substrate recognition is active site residue Leu/Met266 in GTA and GTB, respectively. Leu266 lies in the same position in every structure of wild-type GTA published to date; however, Met266 in GTB lies in one of two conformations. Among the Glu303 mutant structures reported here, several unique conformations of Leu266 are observed, whereas Met266 maintains the two conformations previously seen, indicating that the position of Leu266 is also dependent on Glu303 (Figure 4) .
Effect of Glu303 mutation and active site disorder on substrate recognition
Disorder of the double-turn would also affect substrate capture and orientation, as residues within the double-turn make several critical interactions to both donor and acceptor in the wild-type enzymes. These include stacking interactions between Trp300 and acceptor C4, C5 and C6, and hydrogen bonds from His301 to donor O6, from Asp302 to donor O4 and from Glu303 to acceptor 'key polar group' O4 (Lemieux 1989; Lemieux 1996; Alfaro et al. 2008) .
In a recent report we presented structural evidence that GTA/ GTB donor substrate binding is a stepwise process involving multiple donor conformations (Gagnon et al. 2015) . For example, one intermediate donor structure forms hydrogen bonds from the sugar moiety to Asp302 and Glu303 while Glu303 maintains its two hydrogen bonds to the acceptor. One letter amino acid codes in bold capitals correspond to electron density for main-chain and side-chain atoms, capital letters correspond to electron density for main-chain atoms only, and lower case letters correspond to weak electron density for main-chain and/or side-chain atoms. Residues replaced with hyphens are disordered and have not been included in the refined models. Wild-type data are from Lee et al. (2005) . f ND indicates not determined and NA indicates no activity. (40-50) and white (>50). 2F o −F c electron density map is contoured to 1.00σ and cleaned around the displayed atoms or, in the absence of modeled atoms, the area corresponding to the double turn. Asterisks (*) indicate mercury derivative structures. GTA* and GTB* are from PDBs 1LZ0 and 1LZ7, respectively. This figure is available in black and white in print and in color at Glycobiology online.
Given the significant involvement of Glu303 and the double-turn in substrate recognition, it is not surprising that every Glu303 mutant has higher substrate K m relative to wild type (Table III) .
Functional group influences enzyme activity more than active site order Remarkably, mutant enzymes with disrupted substrate recognition sites still, for the most part, show significant activity (Table III) . Indeed, a strong contrast exists between GTB/E303Q, which maintains active site architecture but exhibits zero activity, and E303C and E303D mutants, which have disrupted active site architectures but retain significant activity. This shows that nucleophilicity at position 303 is more catalytically valuable than active site stability.
Despite having side chains of varying length, the estimated distances between the amino acid 303 side-chain functional groups and the anomeric carbon C1 of modeled UDP-Gal donor are fairly consistent (Table III) . The observed distance between the Glu303 carboxyl group and the anomeric carbon C1 of the donor sugar in the complex structure 2RJ7 is 4.1 Å. The E303C Sγ atoms might be expected to be several Ångstrom further away, but are only 4.9 and 4.5 Å for GTA and GTB, respectively. Similarly, the distances between the Asp303 (also with a shorter side chain than Glu303) carboxyl and donor C1 are 4.2 and 4.7 Å.
Glu303 mutations differentially affect the kinetics of GTA and GTB Mutation of Glu303 has significantly different effects on the catalytic constants of GTA and GTB (Table III) , which is somewhat unexpected given their overall homology. Interestingly, different mutations have opposite effects on the activity of GTA and GTB. For example, the mutation of Glu303 to Cys has a greater effect on GTA than GTB (5% vs. 25% of wild type k cat ; Table III), while mutation of Glu303 to Asp shows the opposite trend (13% vs. 1% of wild type k cat ; Table III ).
Implications for the catalytic mechanism
The differential reaction to mutation between GTA and GTB emphasizes the need for caution in making mechanistic deductions from such experiments or mechanistic comparisons among related retaining GTs. The residual activity observed for Glu303 mutants with different side-chain chemistry, geometry and disorder emphasizes the elastic nature of the mechanism. These observations echo the cautionary tale of Hurtado-Guerrero and Davies (2012), who noted that such systems, finely poised on a mechanistic continuum, may be influenced to display one or another mechanism based on the experimental conditions used to probe them. Indeed, such mechanistic sensitivity is highlighted by the observation of covalent glycosyl-enzyme intermediates (CGEI) of Cys303 of GTA and GTB mutants that have not yet been observed for wild-type enzymes (Soya et al. 2011) , and which have been supported by QM/MM calculations that demonstrated a CGEI that is remarkably stable in GTB/E303C but highly unstable in wild-type GTB (Bobovská et al. 2015) .
Glu303 would have a role in a double displacement, S N i-like or orthogonal associative mechanism. As shown for the mutations of Glu303, the generation of a covalent glycosyl-enzyme intermediate required in a double displacement mechanism would disrupt the hydrogen-bonding network of the strained double-turn motif and destabilize the active site. Given that mutant enzymes with an apparently disordered active site remain functional, it is not obvious how this increased lability would affect catalysis. It is also not clear how the structural change required for CGEI formation would occur, but it is evident that a double displacement reaction would need to proceed through a destabilized active site.
Most literature references of strain associated with enzyme catalysis concern the enzyme-assisted stabilization of substrate transition states and the destabilization of reactants. However, there are examples where strain of the enzyme itself is released during catalysis to lower the activation energy barrier of the transition state (Kagamiyama and Hayashi 2001; Gao 2003) . Because existing Fig. 3 . Distances from Glu303 of the chimeric enzyme AABB to select atoms as tabulated in Table III , from the complex structure of AABB with UDP-Gal and deoxy-acceptor (PDB 2RJ7). Each distance is indicated by a dashed black line and measured in Ångstrom. This figure is available in black and white in print and in color at Glycobiology online. Fig. 4 . Alternate observed conformations of residue 303 and (A) Leu266 or (B) Met266. Unique conformations of Leu266 are observed for GTA/E303A* (tan), GTA/E303C* (blue), GTA/E303D* (pink), GTA/E303D (green) and GTA/ E303Q* (salmon), whereas every structure with wild-type Glu303 shows electron density for Leu266 in the same position (white; PDB 5BXC). In contrast, many structures of GTB and chimera with wild-type Glu303 show Met266 in a variety of conformations with two general locations of the sulfur atom (example PDBs are shown: 5C3B bright red, 5C3D dark green, 5C4D cyan, 4FRA yellow, 4FRB orange, 4FRQ bright green, 4GBP bright pink and 4KXO dark pink), and the GTB Glu303 mutants all show similar conformations (E303A* gray, E303C* light blue, E303C medium blue, Glul303Asp* purple and E303Q* dark blue). This figure is available in black and white in print and in color at Glycobiology online.
GTA/GTB complex structures represent snapshots of the enzymes before or after catalysis, it is not clear if the release of active site strain contributes to the transfer reaction. The formation of a CGEI and the associated hydrogen-bonding changes of Glu303 may also impact active site opening and product release.
Comparison with other GTs
The homologous family 6 GT α3GalT has a similar double-turn motif that includes the putative nucleophile Glu317, which corresponds to GTA/GTB Glu303 (PDB 1GWW) (Boix et al. 2001; Gastinel et al. 2001; Boix et al. 2002; Zhang et al. 2003; Monegal and Planas 2006; Jamaluddin et al. 2007; Letts et al. 2007; Molina et al. 2007; Tumbale et al. 2008) . The E317Q mutant displays low enzyme activity, and crystal structures reveal no change in the overall structure or electron density of the active site (PDBs 1O7O, 2VS5) (Zhang et al. 2003; Monegal and Planas 2006; Tumbale et al. 2008) , which indicates that the loss of GT activity is not due to active site destabilization, consistent with the observations for GTA and GTB.
Family 8 GT LgtC also possesses a double-turn motif (PDB 1G9R, residues 184-189), and mutation of Q189E (equivalent position to GTA/GTB Glu303) allowed the surprising observation of a covalent glycosyl-enzyme intermediate at Asp190 (Lairson et al. 2004 )~9 Å away from the anomeric carbon of the UDP2FGal donor in the wild-type complex structure (PDB 1GA8). Release of the double-turn upon mutation may explain this; however, NMR studies of the Q189E mutant did not identify additional dynamic properties that would account for such a conformational change, at least in the time ranges accessible to NMR (Chan et al. 2013 ).
The family 6 GT BoGT6a possesses a strained double-turn when in complex with 2′-fucosyllactose (PDB 4AYJ), but the motif has an extended conformation without strain in the absence of substrate (PDB 4AYL) (Thiyagarajan et al. 2012) . The BoGT6a/E192Q mutant (Glu192 equivalent to Glu303 in GTA/GTB) in complex with GalNAc shows slight variations of the double-turn conformation, only sometimes strained, each with a different location of bound GlcNAc and position of Gln192 (PDB 4CJB) (Pham et al. 2014) . The BoGT6a/E192Q mutant has near wild-type donor and acceptor K m values but significantly decreased k cat . Since the doubleturn of BoGT6a appears to be more mobile than that of GTA/GTB, the perturbation of active site structure by E192Q mutation may have less of an effect on substrate binding.
Conclusion
Putative catalytic residue Glu303 stabilizes a double-turn motif in a strained conformation in the active site of GTA and GTB through hydrogen bonds involving its carboxylic acid group. Even the most conservative mutation of Glu303 introduces significant lability to the active sites of GTA and GTB; however, the identity of the functional group of the mutated amino acid is paramount in considering activity of the mutant enzymes. Although the sidechain lengths of mutated amino acid 303 vary considerably, the geometry of the active site positions their functional groups at a distance suitable for facilitating catalysis. Further, these distances correlate with the relative activity of the mutant enzymes. The structural and kinetic consequences of mutating the putative catalytic residues within the corresponding double-turn motifs of family 6 GTs α3GalT, LgtC, BoGT6a, and GTA/GTB are inconsistent, which underscores the fine-tuned and complex nature of substrate binding and catalysis in each enzyme. Finally, the residual activities of GTA/GTB upon mutation demonstrate their catalytic elasticity, and it is plausible that these enzymes use multiple closely related mechanisms that are affected by their precise environment.
Materials and methods
Generation of mutants, protein expression and purification
Previously described methods (Marcus et al. 2003) were used to construct all mutant enzymes by recombinant PCR except the E303Q mutants (QuikChange) using GTA/GTB (residues 63-354) plasmid DNA as a template. The first PCR was performed using the outside forward primer MIN2 (5′-ATA TGA ATT CAT GGT TTC CCT GCC GCG TAT GGT TTA CCC GCA GCC GAA-3′), which introduced an EcoRI site (underlined) in the 5′-end and the internal reverse primer for the mutant (Table SI) , which contains a single codon substitution. A second PCR was performed where a HindIII site (underlined) was introduced at the 3′-end using reverse primer PCR3B (5′-ATA ATT AAG CTTCTA TCA CGG GTT ACG AAC AGC CTG GTG GTT TTT-3′) and the internal forward primer (Table SI) , which contains the codon substitution. The two overlapping fragments were isolated, annealed by PCR mediated 3′ extension, and amplified using the 5′ and 3′ primers MIN2 and PCR3B. The resulting mutated DNA fragment was digested with EcoRI and HindIII and inserted into the corresponding sites of pCWΔLac. Sitedirected mutagenesis for the E303Q mutant was carried out using QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene).
Positive mutants were transformed into Escherichia coli BL21 Gold cells for expression. Protein was purified with a two-step protocol using SP Sepharose fast-flow ion-exchange chromatography followed by UDP-hexanolamine affinity chromatography as previously described (Seto et al. 1999; Marcus et al. 2003) .
Kinetics
Kinetic characterization of the mutants was carried out with a radiochemical assay using a hydrophobic acceptor (Fucα1-2 Galβ (CH 2 ) 7 CH 3 ) and radiolabeled sugar donors (Palcic et al. 1988; Alfaro et al. 2008) . In this assay, radiolabeled reaction products were isolated from unreacted donor by adsorption onto reverse-phase C18 cartridges. Assays were carried out at 37°C for 20-80 min in a total volume of 12-15 μL in 50mM 3-(N-morpholino)propanesulfonic acid, pH 7.0, with 20 mM MnCl 2 and 1 mg/mL bovine serum albumin. Enzyme concentrations ranged from 5 nM for the most active mutants to 3 μM for the least active mutants. At least five different substrate concentrations of donor or acceptor were employed; 1 mM donor was used for the acceptor kinetics and 1-1.5 mM acceptor was used for the donor kinetics. Initial rate conditions were linear with no more than 10-20% of the substrate consumed. The kinetic parameters k cat and K m were obtained by nonlinear regression analysis of the Michaelis-Menten equation with the GraphPad PRISM 3.0 program.
Crystallography
All of the mutant enzymes were crystallized in the presence of mercury using conditions identical to the wild-type GTA and GTB enzymes (Patenaude et al. 2002) . Due to limitations on available protein only two mutant enzymes crystallized in the absence of mercury ions: GTA/E303D and GTB/E303C, and both were crystallized under conditions as previously reported (Alfaro et al. 2008) .
Data were collected on a Rigaku RAXIS IV++ area detector at a distance of 72 mm and exposure times between 4.0 and 5.0 min for 0.5°oscillations, and processed with d*trek (Pflugrath 1999) . X-rays were produced by a MM-002 generator (Rigaku/MSC) coupled to Osmic "Blue" confocal X-ray mirrors with power levels of 30 W (Osmic). The crystals were frozen and maintained under cryogenic conditions at a temperature of −160°C using a CryoStream 700 crystal cooler (Oxford). All structures were solved using molecular replacement techniques (Vagin and Teplyakov 2010) with wild-type GTA* or GTB* (PDB codes 1LZ0 and 1LZ7, respectively; both mercury derivatives) as a starting model and subsequently refined using REFMAC5 (Murshudov et al. 2011) in the CCP4 program suite . UCSF Chimera (Pettersen et al. 2004) was used to overlay all structures with the previously published AABB + UDP-Gal + DA structure (PDB code 2RJ7) and to measure distances to substrates. Figures 1, 3 and 4 were generated using UCSF Chimera, developed by the Resource for Biocomputing, Visualization and Informatics at the University of California, San Francisco (supported by NIGMS P41-GM103311) (Pettersen et al. 2004) . Figure 2 was generated using SetoRibbon (Evans, unpublished).
Supplementary data
Supplementary data for this article is available at Glycobiology online. 
